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INTRODUCTION: 


The  primary  focus  toward  identification  of  Alzheimer  disease  (AD)  risk  genes  over  the  past  five  years  has  been 
testing  the  common  disease  common  variant  (CDCV)  hypothesis  through  the  use  of  genome-wide  association 
studies  (GWAS)  in  late  onset  Alzheimer  disease  (LOAD).  While  common  variation  clearly  plays  a  role  in  AD 
there  is  a  growing  realization  that  the  CDCV  hypothesis  is  unlikely  to  explain  all  the  genetic  effect  underlying 
AD.  One  alternative  hypothesis  invokes  multiple  rare  variants  (RV)  in  one  or  more  genes,  each  with  stronger 
individual  effects  than  CDCV  genes.  We  designed  this  project  to  test  the  rare  variant  hypothesis  in  AD  by 
examining  those  cases  with  the  most  severe  phenotype  as  determine  by  early  onset  (EOAD,  cases  with  AAO  < 
60  years).  Although  there  are  three  known  EOAD  genes  (PS1,  PS2  and  APP)  they  account  for  only  -60-70% 
of  familial  EOAD  and  even  less  of  sporadic  EOAD.  Thus,  the  majority  of  the  genetics  of  EOAD  remains 
unknown.  Until  now,  large  extended  families  with  AD  in  multiple  generations  were  necessary  to  identify 
variants  of  significant  effect  contributing  to  AD  risk,  however,  with  the  advent  of  new  genomic  technologies 
such  as  high-throughput  sequencing  technology,  small  family  aggregates  and  isolated  cases,  particularly  those 
with  an  extreme  phenotype  of  the  disorder  (such  as  early  onset)  can  be  used.  Thus,  we  will  utilize  whole 
exome  high-throughput  sequencing  to  identify  high  risk  AD  variants  that  we  will  further  characterize  with 
respect  to  AD.  We  will  examine  both  Caucasian  and  Caribbean  Hispanic  AD  populations.  Our  four  pronged 
approach  includes  structural  characterization  at  the  DNA  level  (Dr.  Pericak-Vance),  analysis  of  Caribbean 
Hispanics  (Dr.  Richard  Mayeux),  functional  characterization  (Dr.  Joseph  Buxbaum),  and  pharmacological 
characterization  (Dr.  Jonathan  Haines).  Specifically,  high  priority  RVs  identified  through  the  whole  exome 
analysis  will  be  further  explored  with  multiple  strategies.  The  most  relevant  is  the  investigation  of  their 
functional  consequences  to  identify  the  most  promising  AD  candidates.  We  will  also  sequence  these  candidate 
genes  in  a  large  sample  of  late-onset  (LOAD)  cases  to  examine  their  involvement  in  all  AD.  Finally,  we  will  take 
the  confirmed  candidates  and  examine  the  effect  of  small  molecule  compounds  on  their  expression  to  identify 
new  potential  targets  for  therapeutic  intervention. 
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BODY: 

Whole  exome  sequencing  (WES)  has  been  completed  on  55  familial  Hispanic  early  onset  samples  submitted 
by  Columbia  University  to  the  University  of  Miami  Hussman  Institute  Center  for  Genome  Technology.  Variant 
calling  and  quality  control  processing  of  these  samples  is  complete,  and  analysis  of  these  samples  has  begun. 
Selection  of  early-onset  cases  for  sequencing  from  the  University  of  Miami  and  Vanderbilt  University  is 
complete  and  sequencing  has  begun  on  50  Caucasian  AD  early  onset  affected  individuals. 

Additionally,  we  offer  results  of  a  pilot  study  of  two  early-onset  AD  families,  33525  (Figure  1 )  and  33839 
(Figure  2).  We  conducted  WES  using  Agilent  SureSelect  50  Mb  Human  All  Exon  Kit  to  capture  the  exome 
(-1.5%  of  total  genome).  The  sequencing  was  performed  on  lllumina  HiSeq  2000,  3  indexed  samples  per  flow 
cell  lane,  with  2x100  paired  end  runs. 


Whole-exome  sequencing 

high-quality  read 

coverage  at  a  read  depth  c 

FAMILY  ID 

SAMPLE  ID 

AD  affection  status 

%  of  exomic  reads 

Exome 

covered 

33525 

201000761 

affected  daughter 

78.0% 

86.0% 

33525 

201132990 

unaffeted  daughter 

79.9% 

87.0% 

33839 

201209469 

unaffeted  daughter 

81.3% 

86.0% 

33839 

201209470 

affected  son 

82.5% 

87.0% 

33839 

201209472 

unaffected  mother 

87.0% 

81.0% 

33839 

201241042 

affected  father 

87.3% 

83.0% 

In  table  1,  we  report  the  10  and  8  variants/genes  for  family  33525  and  33839,  respectively  that  are  in 
concordance  with  an  autosomal-dominant  inheritance  pattern,  are  novel  (missing  in  public  databases)  and  are 
predicted  to  be  damaging  for  protein  functioning.  Of  particular  interest  is  a  missense  variant  in  the  LRP10 
gene.  All  variants  in  table  1  are  at  phylogenetically  conserved  sites,  are  predicted  to  be  protein-damaging  and 
were  absent  in  more  than  1 1 ,000  control  alleles  from  public  databases.  The  particular  variant  in  LRP1 0 
reached  uniquely  high  conservation  and  deleteriousness  scores  (PhastCons=1 ,  GERP=5.73,  PholyPhen2 
score=0.999).  Moreover,  it  has  been  shown  that  disruption  of  LRP10  protein  functioning  leads  to  increased 
APP  secretion  in  human  neuronal  cell  lines  which  is  in  line  with  AD  etiology  (Brodeur  et  al  Mol  Neurodegener. 
2012)  Pathogenic  and  potentially  pathogenic  SNVs  in  known  early-onset  AD  genes  such  as  APP,  PSEN1 , 
PSEN2,  MAPT  and  GRN  have  been  excluded.  (Exonic  bases  in  these  genes  with  read  depth  less  than  10  in 
WES  data  of  the  affected  subject  were  re-sequenced  by  Sanger  sequencing  to  exclude  pathogenic  variants). 

We  have  now  genotyped  this  LRP10  variant  in  1,000  AD  cases  and  as  many  cognitively  normal  elderly 
controls  and  did  not  find  any  additional  carriers.  This  confirms  its  extreme  rarity  suggested  by  public  control 
data.  We  also  examined  this  variant  in  the  newly  sequenced  Columbia  early-onset  AD  dataset  and  did  neither 
detect  carriers.  Our  conclusion  is  that  this  LRP10  variant  is  an  extremely  rare  and  excellent  candidate  for 
EOAD  based  on  function.  We  will  screen  for  this  variant  in  the  additional  sequence  data  as  it  is  completed. 

Using  the  same  approach,  we  identified  8  potential  candidates  in  family  33839  (Table  1).  We  will  screen 
these  candidates  against  the  results  of  the  sequencing  of  the  Columbia  and  the  Miami-Vanderbilt  additional 
-100  early-onset  AD  cases. 

Identification  and  clinical  characterization  of  the  MAPT  R406W  mutation  in  an  early  onset  AD  family 

The  Arg406Trp  (R406W)  missense  mutation  in  the  microtubule  associated  protein-tau  gene  (MAPT)  is  a 
known  cause  of  early-onset  dementia  (EOD).  Various  dementia  phenotypes  have  been  described,  including 
frontotemporal  dementia  (FTD),  FTD  with  Parkinsonism,  and  early-onset  Alzheimer  Disease  (EOAD)-like 
presentations.  Using  whole  exome  capture  with  subsequent  sequencing,  we  identified  the  R406W  mutation  in 
a  family  with  multiple  individuals  with  clinically  diagnosed  EOAD,  in  a  pattern  suggesting  autosomal  dominant 
inheritance  (Figure  3).  We  clinically  re-evaluated  all  available  family  members.  Each  of  the  affected  individuals 
had  a  course  meeting  clinical  criteria  for  EOAD.  Two  distinct  disease  trajectories  were  apparent:  one  rapidly 
progressive,  and  the  other  long  and  gradual  (Figure  4).  Four  of  five  affected  individuals  also  manifested 
Parkinsonian  symptoms.  FTD  features  were  not  prominent,  and  when  present,  appeared  only  late  in  the 
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course  of  dementia.  The  MAPT  R406W  mutation  is  associated  with  EOAD-like  symptoms  and  Parkinsonism 
without  FTD,  as  well  as  distinct  cognitive  courses. 


KEY  RESEARCH  ACCOMPLISHMENTS: 

•  WES  completed  on  samples  of  55  Hispanic  individuals  submitted  by  Columbia 

•  Identification  of  MAPT  R406W  mutation  to  be  associated  with  EOAD-like  symptoms  (Carney  et  al) 

•  10  and  8  potentially  damaging  segregating  candidates  in  pilot  EOAD  sibling  pairs. 

•  A  missense  variant  in  the  LRP10  gene  is  an  extremely  rare,  excellent  candidate  for  EOAD  based  on 
LRP10  function  involved  in  APP  secretion. 
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REPORTABLE  OUTCOMES: 


Carney  RM,  Kohli  MA,  Kunkle  BW,  Naj  AC,  Gilbert  JR,  Zuchner  S,  Pericak-Vance  MA,  Parkinsonism  and 
distinct  dementia  patterns  in  a  family  with  the  MAPT  R406W  mutation.  Alzheimers  Dement.  Provisionally  In 
Press,  April  2013. 
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CONCLUSION: 

Whole-exome  sequencing  in  three  Caucasian  EOAD  families  as  a  pilot  study  clearly  showed  that  this  is  a 
promising  approach  to  unravel  novel  EOAD  genes.  In  one  family,  we  have  identified  the  MAPT  R406W  variant 
as  cause  of  an  EOAD-like  symptom.  In  essence,  this  finding  corroborates  the  EOAD-like  phenotype  that  has 
previously  been  related  to  this  genetic  variant  as  part  of  its  broader  phenotypic  spectrum  of  early-onset 
dementia.  For  the  other  two  pilot  families  we  only  sequenced  sibling  pairs.  Nevertheless,  we  were  able  to 
reduce  the  catalogue  of  resulting  novel  EOAD  candidate  variants  to  only  8  and  10  variants,  respectively. 

Among  them  is  a  novel,  damaging  variant  in  the  LRP10  gene.  It  has  been  shown  that  disruption  of  the  LRP10 
protein  leads  to  increased  APP  secretion  in  human  cells.  This  is  in  line  with  increased  AD  risk.  Moreover,  we 
completed  whole-exome  sequencing  in  55  EOAD  family  subjects  from  the  Columbia  dataset.  Analyses  of  these 
larger  collective  will  likely  enable  even  more  conclusive  results  and  validation  of  herein  mentioned  candidates 
from  the  pilot  study. 
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Abstract 


Background 

The  Arg406Trp  (R406W)  missense  mutation  in  the  microtubule  associated  protein-tau  gene  (MAPT)  is  a 
known  cause  of  early-onset  dementia  (EOD).  Various  dementia  phenotypes  have  been  described,  including 
frontotemporal  dementia  (FTD),  FTD  with  Parkinsonism,  and  early-onset  Alzheimer  Disease  (EOAD)-like 
presentations. 

Methods 

Using  whole  exome  capture  with  subsequent  sequencing,  we  identified  the  R406W  mutation  in  a  family  with 
multiple  individuals  with  clinically  diagnosed  EOAD,  in  a  pattern  suggesting  autosomal  dominant  inheritance. 
We  clinically  re-evaluated  all  available  family  members. 

Results 

Each  of  the  affected  individuals  had  a  course  meeting  clinical  criteria  for  EOAD.  Two  distinct  disease 
trajectories  were  apparent:  one  rapidly  progressive,  and  the  other  long  and  gradual.  Four  of  five  affected 
individuals  also  manifested  Parkinsonian  symptoms.  FTD  features  were  not  prominent,  and  when  present, 
appeared  only  late  in  the  course  of  dementia. 

Conclusions 

The  MAPT  R406W  mutation  is  associated  with  EOAD-like  symptoms  and  Parkinsonism  without  FTD,  as  well 
as  distinct  cognitive  courses. 

Keywords:  microtubule  associated  protein-tau,  dementia,  early  onset  Alzheimer’s  disease,  frontotemporal 
dementia,  whole  exome  sequencing 
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1.  Introduction 


Early-onset  dementia  (EOD)  is  defined  by  memory  and  cognitive  difficulties  beginning  before  age  65, 
and  commonly  occurs  in  a  familial  pattern.  EOD  can  be  divided  into  presenile  dementias,  such  as 
frontotemporal  dementia  (FTD),  and  senile  dementias  with  early  onset  (such  as  early-onset  Alzheimer’s 
Disease,  or  EOAD)1.  The  presence  of  characteristic  symptoms  guides  the  diagnosis  of  early-onset  dementia, 
however  due  to  varied  phenotypic  expression  and  frequently  overlapping  symptoms,  the  exact  diagnosis  may 
not  be  distinguished  without  neuropathologic  examination2. 

Genetic  investigations  have  revealed  causative  mutations  for  several  EOD  syndromes.  In  the  case  of 
EOAD,  mutations  in  the  APP3,  PSEN14,  and  PSPA/25  genes  have  been  pinpointed.  Another  gene  implicated  in 
EOD  is  the  microtubule  associated  protein-tau  ( MAPT f.  The  Arg406Trp  (R406W)  missense  mutation  in  MAPT 
has  been  associated  with  various  EOD  phenotypes  including  FTD7"12;  an  illness  clinically  resembling  early- 
onset  (EOAD)  with  later  onset  of  frontal  signs13'16;  and  rapidly-progressing  dementia  with  psychosis17. 
Parkinsonian  features  are  infrequently  present7 12. 

We  identified  the  R406W  mutation  in  a  family  with  multiple  individuals  with  EOD  that  was  clinically 
indistinguishable  from  EOAD.  The  disease  occurred  in  several  generations  suggesting  autosomal  dominant 
inheritance.  In  order  to  further  elucidate  the  neuropsychiatric  phenotype  associated  with  the  mutation,  we 
clinically  re-evaluated  all  available  members  of  the  family,  updating  and  confirming  evolving  clinical  signs  and 
symptoms.  Each  of  the  clinically  affected  individuals  had  a  course  meeting  clinical  criteria  for  EOAD.  Two 
distinct  disease  trajectories  were  apparent:  one  rapidly  progressive,  and  the  other  following  a  gradual  and  long 
course.  Four  of  five  individuals  with  memory  loss  also  manifested  Parkinsonian  symptoms.  FTD  features  were 
not  prominent,  and  when  present,  appeared  only  late  in  the  course  of  dementia. 

2.  Methods 

2.1  Family  and  clinical  data 

The  family  was  identified  as  part  of  our  ongoing  genetic  studies  in  dementia.  Participants  were 
recruited,  enrolled,  and  sampled  according  to  the  Institutional  Review  Board  protocols  for  the  University  of 
Miami.  A  complete  description  of  the  study  was  provided  to  the  subjects,  and  written  informed  consent  was 

obtained.  Whole  blood  was  collected  from  all  participants  by  venipuncture.  Affection  status  was  determined  by 
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consensus  of  physicians  and  clinical  staff  experienced  in  clinical  dementia  research  and  based  on  medical 
records  and  in-person  evaluation.  All  affected  subjects  all  met  NINCDS-ADRDA  criteria  for  the  diagnosis  of 
Alzheimer’s  Disease  (AD).  Age  of  onset  (AOO)  was  estimated  as  date  of  first  onset  of  symptoms  as  reported 
by  the  patient,  their  informant,  or  abstracted  from  the  patient’s  medical  records. 

All  living  participants  in  the  family  were  clinically  re-assessed  in  person  following  identification  of  the 
R406W  mutation.  Direct  evaluation  included  a  neurological  examination  and  neuropsychological  measures. 
Medical  records  and  research  study  data  were  reviewed,  including  serial  physical  and  neurological 
examinations,  history  by  family  report,  cognitive  assessments,  and  instruments  assessing  symptom  domains 
such  as  functional  impairments,  depression,  and  psychosis.  The  age  of  enrollment  (AOE)  is  age  at  which  the 
participant  joined  the  research  study.  Data  on  neuropathology  and  biomarkers  such  as  tau  and  p-amyloid  were 
not  available. 

2.2  Molecular  analysis 

Whole-exome  sequencing  was  performed  as  part  of  the  research  study.  Whole  blood  derived  DNA 
samples  of  five  affected  individuals  from  the  family  were  subjected  to  whole  exome  capture  using  the  Sure 
Select  Human  All  Exon  50  Mb  protocol  form  Agilent  Technologies  with  subsequent  sequencing  library 
preparation  for  massive  parallel  sequencing  on  a  HiSeq2000  instrument  from  lllumina.  Sequence  read 
alignment  and  variant  calling  was  performed  by  applying  the  BWA/GATK  software18.  Variants  were  filtered  to 
be  (1)  heterozygous  in  all  five  individuals  assuming  autosomal-dominant  inheritance,  (2)  falling  in  regions  of 
100%  sharing  by  identity-of-decent  (IBD)  previously  calculated  from  genome-wide  SNP  genotyping  data  in  this 
family,  (3)  to  be  most  likely  to  interfere  with  protein  function  (missense,  nonsense  and  slice  site  changes)  (4)  in 
established  EOAD  genes  (amyloid  precursor  protein  ( APP ),  presenilin  1  ( PSEN1 ),  presenilin  2  ( PSEN2 ))  and 
EOD  genes  (microtubule-associated protein  tau  (MAPT),  and  granulin  (PGRNf9).  Passed  filtering  variants 
were  validated  by  Sanger  sequencing  in  five  affected  and  three  unaffected  family  members  (two  were  married- 
in)  with  DNA  samples  available. 

APOE-z  genotypes20,  MAP7H1/H2  haplotypes21,22,  and  C90RF72  repeat  expansions23,24  have  each 
been  shown  to  contribute  to  AD  risk,  phenotypic  expression,  and/or  clinical  course  of  EOD  and  thus  were  also 
examined.  Apolipoprotein  E  (APOE-t)  genotype  data  were  available  on  all  participants  and  were  determined  as 
previously  described25.  For  the  MAPT  H1/H2  haplotype  data,  SNP  rsl  7650901  was  used.  This  SNP  is  in 

perfect  linkage  disequilibrium  with  rsl  800547,  (rz='\  .0),  which  has  been  previously  used  to  distinguish  the 
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H1/H2  haplotypes26.  MAPTHMH2  data  were  available  only  on  affected,  sampled  individuals  (4,  6,  8,  13,  14). 
The  C90RF72  repeat  copy  count  was  available  for  affected  individuals  4,  6,  8,  and  13.  Moreover,  for  all 
related,  sampled  individuals  in  the  family  (individuals  4,  6,  8,  13,  14,  and  15),  whole  exome  data  was  carefully 
screened  for  reported  clinical  and  potentially  damaging  variants  in  the  following  genes  related  to  either 
dementia  and/or  Parkinsonism:  SNCA27,  LRRK2 28 ,  PRKN 29,  DJI30,  PINK13\  and  SORL132. 

3.  Results 

3.1  Molecular 

Molecular  applied  filtering  criteria  on  whole  exome  sequencing  data  exclusively  identified  the  R406W 
mutation  (rs63750424  -  C/T)  in  MAPT  among  the  screened  early-onset  AD  genes.  Heterozygosity  for  the 
R406W  mutation  was  confirmed  by  Sanger  sequencing  for  all  five  affected  family  members  with  DNA  available 
(4,  6,  8,  13,  and  14)  as  well  as  one  unaffected  sampled  family  member  (15).  Two  married-in  spouses  (3  and  7), 
both  unaffected,  did  not  carry  the  mutation. 

APOE-e  status  was  3/4  for  individuals  4  and  13.  All  other  sampled  individuals  carried  the  3/3  genotype. 
MAPT haplotype  status  was  HI/HI  for  all  sampled,  affected  individuals.  C90RF72  sequencing  in  individuals  4, 
6,  8,  and  13  revealed  a  repeat  copy  count  within  non-pathogenic  range  (<30;  range:  3-19).  No  reported  clinical 
or  potentially  disease-modifying  variants  in  the  genes  SNCA,  LRRK2,  PRKN,  DJI,  PINK1,  and  SORL1  were 
detected  in  this  family’s  whole  exome  sequencing  data. 

3.2  Clinical 

3.2.1  Overall  trends 

The  pedigree  is  shown  in  Figure  1.  The  pedigree  has  been  altered  to  protect  the  identity  of  the 
participants.  Each  of  the  five  affected  individuals  with  DNA  available  (4,  6,  8,  13,  14)  presented  with  early-onset 
dementia  (range:  48-62  years  old).  The  initial  course  followed  a  typical  AD  pattern,  with  early  forgetfulness, 
progressive  worsening  in  several  areas  of  cognitive  function  (for  example,  short-term  memory  loss  and 
difficulties  with  orientation)  or  activities  of  daily  living,  and  difficulties  with  language33.  As  the  disease 
progressed,  two  distinct  cognitive  trajectories  were  identified,  as  measured  by  the  Mini  Mental  Status 
Examination  (34;  see  Figure  2).  Individuals  6  and  13  manifested  a  relatively  rapid  deterioration,  while  a  more 
benign  progression  with  evidence  of  long  disease  duration  was  seen  in  individuals  4,  8,  and  14. 
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In  addition,  four  of  the  five  affected  individuals  developed  Parkinsonian  symptoms  as  the  course  of 
dementia  continued  (see  Supplemental  Table  1).  The  onset  and  severity  of  Parkinsonian  symptoms  ranged 
from  comorbid  Parkinson  Disease  (PD)  with  onset  of  symptoms  <5  years  into  the  disease  course,  to  mild 
Parkinsonian  symptoms  16  years  after  the  initial  diagnosis  of  dementia.  Symptoms  such  as  early  personality, 
behavior,  or  language  changes,  were  not  present.  Later  in  the  course,  two  individuals  showed  frontal  release 
signs. 

3.2.2  Specific  clinical  features 

The  proband,  individual  4,  had  short-term  memory  loss  and  calculation  difficulties  beginning  at  age  56, 
and  was  diagnosed  with  EOAD.  No  Parkinsonism,  affective  symptoms  or  behavioral  changes  were  present 
early  in  disease.  Slow  functional  decline  followed,  primarily  affecting  memory  and  orientation.  Language 
difficulties  did  not  predominate.  The  participant  enrolled  in  our  research  study  after  13  years  of  illness,  and  a 
research  diagnosis  of  probable  AD  was  assigned.  After  16  years  of  illness,  the  individual  showed  abnormal 
facial  expression,  bradykinesia,  and  abnormal  speech.  Exam  at  23  years  of  disease  duration  revealed  severe 
dementia  with  aphasia,  Parkinsonism  (action  and  rest  tremor,  rigidity,  flat  affect,  cogwheeling,  and 
bradykinesia),  and  frontal  release  signs  (snout,  palmomental,  grasp  reflexes).  Her  medical  history  is  significant 
for  depression  and  an  operative  procedure  after  >15  years  disease  duration.  Common  medical  risk  factors  for 
dementia  ( e.g .,  cardiac  or  cerebrovascular  disease,  stroke,  diabetes,  hypertension)  were  not  present  on  history 
or  imaging. 

Individual  6  was  clinically  diagnosed  at  59  years  old  with  EOAD,  with  symptoms  of  withdrawal  and 
difficulty  adapting  to  new  environments.  There  was  a  remote  (>30  year)  history  of  several  surgeries  requiring 
general  anesthesia.  Otherwise,  the  individual  was  healthy.  Symptoms  of  PD  appeared  within  the  first  5  years  of 
illness  (flat  affect  and  slow,  shuffling  gait).  PD  features  progressed  to  include  cogwheel  rigidity,  hunched 
posture,  and  dysphagia,  which  were  responsive  to  l-methyldopa.  Cognition  rapidly  declined  and  the  individual 
was  completely  aphasic  after  7  years.  Death  occurred  after  1 1  years  of  illness  with  clinical  and  research 
diagnoses  of  AD  and  PD.  No  autopsy  was  performed. 

Individual  8’s  clinical  course  reflected  memory  difficulties  with  preserved  function  for  many  years.  A 
slight  tremor  was  noted  at  15  years  of  illness.  Reassessment  at  22  years  of  illness  revealed  significant  aphasia 
with  mild  Parkinsonian  features  of  tremor,  masked  faces,  and  slight  cogwheeling.  Frontal  exam  was  normal.  In 

terms  of  medical  comorbidities,  individual  8  had  a  few  risk  factors  for  vascular  disease  but  no  evidence  of 
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vascular  disease. 


Individual  13  experienced  the  earliest  AOO  (48  years).  A  typical  dementing  pattern,  including  getting 
lost  and  word-finding  difficulties,  developed  but  progressed  rapidly.  Subtle  personality  changes,  including 
inappropriate  joking  and  disinhibition,  appeared  5  years  after  the  onset  of  memory  difficulties.  Individual  1 3 
died  suddenly  6  years  after  disease  onset.  No  Parkinsonian  features  were  noted  throughout  the  course,  and 
the  individual’s  medical  history  was  largely  unremarkable. 

Individual  14’s  mild  cognitive  impairment  progressed  to  amnesia  for  faces  and  names  at  age  58. 
Depression  and  anxiety  developed  without  personality  or  behavioral  changes.  Exam  at  7  years  disease 
duration  showed  very  mild  asymmetric  cogwheeling  and  slightly  hunched  posture,  with  no  frontal  findings. 
Individual  14  is  in  excellent  health. 

The  unaffected  family  member  carrying  the  mutation  (individual  15)  demonstrated  an  unremarkable 
neurological  exam,  within  no  Parkinsonian  or  frontal  features.  Despite  complaints  of  difficulty  remembering  a 
short  list,  there  was  no  evidence  of  functional  impairments.  Neuropsychological  exam  revealed  mild  difficulty 
with  delayed  recall  and  naming  politicians. 

Individuals  3  and  7  were  married-in  spouses.  Their  unaffected  status  was  confirmed  by  history, 
neuropsychological  testing,  and  assessments  of  daily  function. 

4.  Discussion 

The  presence  of  the  M4P7R406W  mutation  in  all  affected  individuals  supports  the  previously  reported 
association  with  EOD,  and  in  this  case,  the  phenotype  was  clinically  indistinguishable  from  EOAD.  Generally, 
published  descriptions  of  individuals  with  the  R406W  mutation  describe  a  slowly  progressive  dementia,  with 
symptoms  of  frontal  dysfunction,  but  lacking  Parkinsonism  (see  Supplemental  Table  2).  In  contrast  to  these 
studies,  4  of  the  5  affected  individuals  carrying  the  M4P7R406W  in  this  family  demonstrated  Parkinsonian 
features.  The  affected  individuals  did  not  demonstrate  initial  frontal  signs  or  symptoms. 

Additional  early-onset  dementias  with  Parkinsonism  exist  (reviewed  in  35).  These  include  frontotemporal 
dementia  linked  to  Parkinsonism  (FTDP-17),  dementia  with  Lewy  Bodies  (DLB),  progressive  supranuclear 
palsy  (PSP),  and  corticobasal  degeneration  (CBD).  In  contrast,  mutations  in  the  EOAD  genes,  amyloid-beta 
precursor  protein  (APP),  presenilin  1  and  2(PSEN1,  PSEN2)  are  not  typically  associated  with  Parkinsonism. 
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The  dementia  of  FTDP-1 7  may  resemble  that  of  DLB  or  AD,  with  motor  symptoms  including  tremor, 
rigidity,  and  bradykinesia,  and  occasionally  psychiatric  features  (hallucinations,  delusions).  A  variety  of 
mutations  in  MAPT are  causative  for  FTDP-17.  Indeed,  the  reports  on  two  other  families  with  both  the  MAPT 
R406W  mutation  and  Parkinsonism  (see  Supplemental  Table  2)  indicate  that  the  diagnosis  may  be  FTDP-17 
rather  than  fTD7’8'12’36. 

Unlike  AD,  marked  fluctuations  in  cognition  are  seen  in  DLB,  and  the  presence  of  recurrent  visual 
hallucinations  is  a  hallmark  of  the  illness37.  Parkinsonian  features  are  often  more  prominent  than  cognitive 
degeneration,  particularly  at  disease  onset. 

Phenotypic  variants  of  PSP  include  a  presentation  with  PD-like  bradykinesia  and  rigidity38.  CBD 
features  include  basal  ganglia  dysfunction  (akinesia,  postural  instability,  and  tremor)  and  cortical  deficits  (alien 
hand  syndrome,  apraxia,  sensory  impairments,  aphasia,  or  dementia)39. 

In  the  MAPT  R406W  mutation,  the  course  of  dementia  in  published  descriptions  is  generally  slowly 
progressive,  with  gradual  functional  declines.  The  serial  cognitive  exam  scores  in  this  family  demonstrate  two 
distinct  courses  of  cognitive  decline.  One  is  slowly  progressive  and  indolent,  similar  to  previous  reports.  The 
other  is  more  rapid  and  severe.  We  were  unable  to  identify  a  simple  explanation  for  this  variance.  There  is  no 
clear  association  between  presence,  severity,  or  AOO  of  Parkinsonian  features  and  the  trajectory  of  cognitive 
decline.  We  did  not  identify  a  correlation  between  co-occurring  conditions  (stroke,  vascular  disease,  diabetes, 
exposure  to  general  anesthesia)  and  the  rate  of  cognitive  decline.  The  APOE-e  genotype,  MAPT  H1/H2 
haplotype,  and  C90RF72  repeat  copy  number  status  did  not  account  for  the  variance  in  the  rates  of  cognitive 
decline.  The  two  individuals,  both  affected,  who  carry  the  APOE-e  3/4  genotype  are  discordant  for  disease 
course,  and  MAPT haplotypes  were  identical  (HI /HI)  in  all  affected  individuals.  A  pathogenic  expansion  of  the 
C90RF72  gene  was  not  detected.  Potentially  damaging  variants  were  not  found  in  the  following  genes  related 
to  dementia  and/or  Parkinsonism:  SNCA,  LRRK2,  PRKN,  DJI,  PINK1,  and  SORL1. 

One  individual  (15)  who  carries  the  mutation  is  unaffected  at  this  time.  This  individual’s  current  age  is 
less  than  the  age  of  the  latest  reported  AOO  in  this  family  (48-62  years).  Continued  follow-up  examinations  are 
necessary  to  reveal  whether  the  current  complaints  of  mild  memory  loss  represent  early  manifestations  of 
EOD,  or  a  more  benign  process. 

An  important  limitation  of  the  study  is  the  lack  of  neuropathology  data.  Diagnosis  based  on  clinical 

criteria  classifies  the  affected  individuals  in  the  currently  reported  family  carrying  the  MAP-T  R406W  mutation 
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as  EOAD,  a  phenotype  that  has  been  previously  described13"16.  We  do  not  have  pathology  results  for  this 
family.  However,  neuropathological  results  are  available  for  individuals  in  other  families  carrying  the  MAPT 
R406W  mutation.  Regardless  of  clinical  presentation,  neuropathology  on  all  individuals  carrying  this  mutation 
has  been  uniformly  consistent  with  a  diagnosis  of  FTD.  Thus,  if  tissue  were  available  to  be  examined,  it  is 
possible  that  the  family  described  in  the  current  report  might  demonstrate  neuropathologic  features  consistent 
with  a  FTD  diagnosis.  Interestingly,  a  recent  report  states  that  rarely,  despite  evaluation  at  a  specialty  clinic  for 
early-onset  dementia,  some  cases  of  clinically  diagnosed  FTD  met  neuropathologic  criteria  for  Alzheimer’s 
Disease  instead40. 

5.  Conclusions 

Whole  exome  sequencing  successfully  identified  the  R406W  mutation  in  the  MAPT gene  in  individuals  affected 
with  EOAD-like  symptoms  in  a  single  family.  Clinical  characterization  of  these  individuals  reveals  an 
association  with  Parkinsonism,  a  lack  of  association  with  early  frontal  dysfunction,  and  two  distinct  cognitive 
courses.  Neither  co-occurring  illnesses  nor  variant  status  in  EOD-  or  Parkinsonism-associated  genes  were 
correlated  with  rate  of  cognitive  decline.  These  data  both  confirm  previous  genetic  associations  and  enhance 
the  available  data  on  phenotypes  associated  with  the  mutation  in  MAPT.  Variability  in  phenotype,  even  with  the 
same  mutation,  may  indicate  other  genetic  or  environmental  factors  contribute  to  disease. 
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Figure  1:  Family  pedigree 


Figure  2:  Progression  of  cognitive  change  in  affected  individuals 
Supplemental  Table  1:  Clinical  characteristics  of  affected  individuals 

Supplemental  Table  2:  Phenotypic  description  of  individuals  in  families  with  the  MAPT  R406W  mutation 
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Supplemental  Table  1.  Clinical  characteristics  of  affected 
individuals 

Features  of  frontotemporal  dementia 
(FTD) 

Signs  and 
Symptoms  of 
Parkinsonism 

Individual  Number 

Clinical 

Diagnosis 

Age  of 
onset 

Duration 
of  disease 

Du  ration  of 
disease  at  onset 
of  Parkinsonian 

vywwvs /wvwww 

features 

Behavior 

Changes 

Personality  Language 

Changes  Changes 

Frontal 

Release 

Signs 

4 

probable 

AD 

56 

23 

16 

♦  (later) 

♦  (later) 

♦  (later,  severe) 

6 

probable 

AD.  PD 

59 

11 

<5 

♦  (later) 

♦  (PD  diagnosis) 

8 

probable 

AD 

62 

22 

15 

+  (later) 

♦  (later,  mid) 

13 

probable 

AD 

48 

6 

n/a 

+  (later) 

+  (later) 

14 

probable 

AD 

58 

8 

7 

- 

+  (later) 

- 

♦  (very  mid) 

|  Abbreviating:  AD.  Atzbemer's  Disease;  PD.  PflkfeiSNi D  sease 

Supplemental  Table  2.  Phenotypic  description  of  individuals  in  families  with  the  MAPT  R406W 
mutation 

Clinical 

Diagnoses 

Signs  or  symptoms  of  frontal  dysfunction 

Signs  and 

Citation 

R406W  + 
individuals 

of  onset 
(years)* 

Range  ot  age  ot  uuration  or  illness 
onset  (years)*  (years)*A 

Early  Onset 

Late  Onset 

Symptoms  of 
Parkinsonism 

current  report 

EOAD/PD;  EOAD 

6(1 

unaffected) 

57 

48-62 

6-23; 14 

+ 

+ 

Reed  1997,  Hutton  1998 

FTDP-17 

4 

55 

45-75 

21-35 

+ 

♦ 

♦ 

van  Swieten  1999 

FTD 

3 

59 

53-65 

11-17;  12.7 

+ 

♦ 

♦ 

Saito  2002 

EOD  ("primary 

degenerative 

dementia") 

1 

54 

47-60 

6 

+ 

+ 

n/a 

AD;  unspecified 
dementia  (both 
with  later  frontal 


Rademakers  2003 

signs) 

4 

58 

54-65 

7-22;  13.7 

- 

♦ 

n/a 

Rosso  2003 

FTD 

4  (2  families) 

55 

51-58 

13-19 

n/a 

n/a 

Ostojic  2004,  Passant  2004 

FTD  (“familial 
progressive 
presenile 
dementia") 

4 

58 

54-62 

5-23 

+ 

+ 

Lindquist  2008, 2009 

AD/FTD 

4(1 

unaffected) 

61 

52-65 

n/a 

. 

♦ 

n/a 

Ikeuchi  2008 

AD 

3  (2  families) 

52 

45-56 

10-17 

- 

+ 

n/a 

Abbreviations  EOAD,  early  onset  Alzheimer's 
Disease;  PD,  Parkinson  Disease;  FTDP-17, 
frontotemporal  dementia  and  parkinsonism 
linked  to  chromosome  17;  FTD,  frontotemporal 
dementia;  EOD,  early  onset  dementia;  +, 
present;  absent,  n/a,  not  available. 

•  May  include  affected  individuals  who  were  not 
tested  for  the  R406W  mutation 
A  Duration  is  given  as  a  range  and/or  average  (as 
reported),  which  may  include  affected 
individuals  still  living,  or  multiple  families 
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SUPPORTING  DATA: 
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AOO  „ 

AOE  ■ 
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55 

3/4 


? 


104  101 


69 
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102  103 

56 

3/3 


100 

54 
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Table  1. 


WHOLE-EXOME  SEQUENCING  IN  2  HIHG  EARLY-ONSET  AD  DISCORDANT  SIB.  PAIRS:  NOVEL,  DAMAGING,  VARIANTS  UNIQUE  TO  AFFECED  SUBJECT 


Variant  filtering  under  a  autosomal-dominant  inheritance  model 

FAM. 33525 

#  SNVs 

FAM.  3  3839 

#  SNVs 

FAM.  33525,  genes 

FAM. 33839,  genes 

Number  of  AD  discordant  sibling  pairs  /  parents  subjected  to  WES 

1/0 

1/1 

(1)  -  Missense,  nonsense,  in-frame  indels,  frame-shift  indels,  splice  site 

-  MAF<5%  (NHLBI  ESP6500  AA,AE  &  dbSNP135)  or  unkown 

-  affected  heterozygous  &  unaffected  wildtype  or  n/a 
-GQ  +  QUAL>50 

-  Read  depth  >6 

545 

775 

-  VQSLOD  score  >0 

413 

360 

(2A)  SNPs 

337 

312 

(3A)  MAF=0  or  no  freq.  in  NHLBI  ESP6500  and  dbSNP135 

33 

28 

(4A)  Unique  in  HIHG  WES  control  data  ~ 

19 

26 

(5A)  Phylogenetically  conserved  (GERP>3) 

12 

21 

(6A)  Protein-damaging  (Polyphen2:  D,P, unknown) 

9*A 

7* 

AKAP2,  BMP4,  C19orf€,  CYB5RL, 

FOXA1,  FREM3,  LRP10,  SPERT,  USE1 

DAPK1,  GYLTL1B,  HMX1,  NT5M,  PKD1, 

SLC44A3,  ZKSCAN5 

(7A)  ALZ  or  PDGene 

1A 

CYB5RL  (PD  genes) 

DAPKl(ADgene) 

(3B)  INDELS 

76 

46 

(4B)  Unique  in  HIHG  WES  control  data  ~  (+  No  public  freq.  data) 

1 

1 

NAA25 

PDE4DIP 

(7B)  ALZ  or  PDGene 

0 

0 

TOTAL  OF  NOVEL,  DAMAGING,  AFFECTED-UNIQUE  SNVs  (6A+4B) 

10*A 

8A 

10  genes 

8  genes 

~  1239  unrelated  non-AD  control  exomes,  *  Sanger  sequencing  validated,  A  predicted  to  be  most  damaging 


Legend 

Early  Onset  Dementia 


Figure  3:  Family  Pedigree 
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Figure  4:  Progression  of  cognitive  change 
in  affected  individuals 
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